Yu J, Daniels BA, Baldridge WH. Slow excitation of cultured rat retinal ganglion cells by activating group I metabotropic glutamate receptors. As in many CNS neurons, retinal ganglion cells (RGCs) receive fast synaptic activation through postsynaptic ionotropic receptors. However, the potential role of postsynaptic group I metabotropic glutamate receptors (mGluRs) in these neurons is unknown. In this study we first demonstrated that the selective group I mGluR agonist (S)-3,5-dihydroxyphenylglycine (DHPG) increased intracellular calcium concentration in neurons within the ganglion cell layer of the rat retina. This prompted us to use an immunopanned-RGC and cortical astroglia coculture preparation to explore the effect of group I mGluR activation on the electrophysiological properties of cultured RGCs. Using perforated patch-clamp recordings in current-clamp configuration, we found that application of DHPG increased spontaneous spiking and depolarized the resting membrane potential of RGCs. This boosting effect was attributed to an increase in membrane resistance due to blockade of a background K ϩ conductance. Further experiments showed that the group I mGluR-sensitive K ϩ conductance was not blocked by 3 mM Cs ϩ , but was sensitive to acidification. Pharmacological studies indicated that the effect of DHPG on RGCs was mediated by the mGluR1 rather than the mGluR5 receptor subtype. Our results suggest a facilitatory role for group I mGluR activation in modulating RGC excitability in the mammalian inner retina.
I N T R O D U C T I O N
Group I metabotropic glutamate receptors (mGluRs)which include mGluR1, mGluR5, and their alternatively spliced variants-are present at postsynaptic sites in a variety of CNS synapses, where they can increase postsynaptic neuronal excitability by inhibiting potassium channels (for review see Cartmell and Schoepp 2000; Conn and Pin 1997) . Although mammalian retinal ganglion cells (RGCs) have been shown to express group I mGluRs (Cai and Pourcho 1999; Hartveit et al. 1995; Peng et al. 1995; Tehrani et al. 2000) there are few reports demonstrating an effect of group I mGluR activation on mammalian RGC physiology. A study of cultured mouse RGCs suggested group I mGluR modulation of highvoltage-activated (HVA) calcium currents (Rothe et al. 1994) . In amphibian retina group I mGluR agonists have also been reported to reduce RGC calcium current (Akopian and Witkovsky 1996; Shen and Slaughter 1998) but have little effect on spontaneous or electrically evoked excitatory postsynaptic currents (EPSCs) in RGCs (Awatramani and Slaughter 2001; Higgs et al. 2002) .
To determine the potential influence of group I mGluRs on mammalian RGCs we have studied the effect of (S)-3,5dihydroxyphenylglycine (DHPG), a selective group I mGluR agonist, using calcium imaging of neurons in the adult rat ganglion cell layer (GCL) and perforated patch-clamp recordings of purified neonatal RGCs cocultured with astrocytes. We found that DHPG increased calcium within neurons in the GCL and increased the excitability of cultured RGCs by suppressing a background K ϩ conductance. Retinal ganglion cells are driven mainly by glutamatergic input from bipolar cells, mediated by synaptic ␣-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and synaptic or extrasynaptic N-methyl-D-aspartate receptors (NMDARs) (Chen and Diamond 2002; Matsui et al. 1998; Sagdullaev et al. 2006; Zhang and Diamond 2006) . Given the role of group I mGluRs at other CNS glutamatergic synapses, our findings suggest a potential additional contribution of group I mGluRs at the bipolar to ganglion cell synapse.
M E T H O D S

Animals and reagents
All experiments were done using Long-Evans rats (Charles River, Montreal, Canada) following procedures in accord with and approved by the Dalhousie University Committee for the Use of Laboratory Animals. Unless indicated otherwise, all reagents were obtained from Sigma Chemical (Oakville, Canada).
Calcium imaging
Fura-2 was electroporated into GCL neurons using a protocol modified from Bonnot et al. (2005) in spinal cord. Adult rats were killed with an intraperitoneal injection of sodium pentobarbital (CDMV, Dartmouth, Canada) . Eyes were removed quickly and 4 l of 30 mM fura-2 pentapotassium salt (Invitrogen, Burlington, Canada) was injected into the vitreous through the optic nerve head. Tweezertrodes (BTX Harvard Apparatus, Holliston, MA) were positioned on the eye (cathode on the anterior pole; anode on the posterior pole) and five 40-V square-wave pulses were applied for 50 ms at 1 Hz using the ECM 830 electroporation system (BTX). The retina was dissected out under red light in room-temperature Hank's balanced salt solution (HBSS) bubbled with 100% oxygen. Each retina was cut into two to four pieces and mounted separately onto black filter paper (Millipore, Bedford, MA) with the GCL up and left in oxygenated HBSS for Ն30 min before transfer to the superfusion chamber for calcium imaging.
A 75-W xenon lamp (LUDL Electronic Products, Hawthorne, NY) and the appropriate filters (XF04 set, excitation 340 or 380 nm; emission 510 nm; dichroic Ͼ430 nm; Omega Optical, Brattleboro, VT) were used to generate fura-2 fluorescence. Sequential excitation (340 and 380 nm) was controlled by a computer-controlled optical filter wheel (Lambda 10-2; Sutter Instrument, Novato, CA) and exposure time limited using an electronic shutter (Uniblitz, Rochester, NY) . To reduce photodamage and photobleaching, excitation illumination was filtered with a Ϫ0.5-log neutral density filter and 320 ϫ 256-pixel (4 ϫ 4-binned) images were acquired. Fluorescence images were captured (8-bit) with a cooled charged-coupled device camera (Sensicam; PCO Computer Optic, Kelheim, Germany), fitted to a microscope using a water-immersion objective (numerical aperture [NA] 0.80 W; Achroplan ϫ40; Carl Zeiss Meditec, Oberkochen, Germany). Fura-2 fluorescence at 340-and 380-nm excitation was converted to ratiometric (340 nm/380 nm) images by software (Imaging Workbench 4; Axon Instruments, Foster City, CA) and saved to the hard disk of a computer. The mean fura-2 ratio for each cell was calculated over a large area of the soma, well separated from the edge of the cell. All drugs were bath applied and all experiments were done at room temperature.
Astroglial feeder layer
Cortical astrocytes for generating an astroglial feeder layer were cultured from rats at postnatal days 0 -2 using a modified protocol (provided courtesy of Dr. B. Barres) based on a previously described method (McCarthy and de Vellis 1980) . Pieces of cerebrum from the brain of two to four rat pups were first dissected and cut into small pieces. The tissue was then incubated in 330 U of papain (Worthington Biochemical, Lakewood, NJ) for 1 h at 37°C, bubbled with 5% CO 2 -95% O 2 . After blocking papain with ovomucoid (Roche Diagnostics, Laval, Canada), the brain tissue was triturated with a pipette several times until cells were in suspension. The cell suspension was then filtered through a 25-m Nitex mesh to remove aggregates. Dissociated cells were then centrifuged (200 g, 10 min) and resuspended in a glial medium and plated in culture flasks coated with poly-D-lysine (two pup brains per 75-cm 2 culture flasks). The astrocyte medium included Dulbecco's modified Eagle medium, 10% fetal bovine serum, 2 mM glutamine, 1 mM sodium pyruvate, 5 g/ml N-acetyl cysteine (NAC), and 5 g/ml insulin (all from GIBCO, Burlington, Canada, except for insulin, which was from Sigma). On the next day of plating, the medium was replaced and 2-3 days later, the flask was sealed firmly and shaken vigorously overnight to remove nonastroglial cells. After discarding the old medium and rinsing the flask with Dulbecco's phosphate-buffered saline (DPBS, GIBCO) three times, the cells were fed with fresh glial medium. When the astroglial cells became Ͼ75% confluent (at ϳ3 days), 4 M cytosine arabinoside (Ara-C) was added to inhibit cell division and to kill fibroblasts. After the glial cells became confluent, the flask was treated with a trypsin-EDTA (GIBCO) solution to detach astroglial cells. Cells were then centrifuged and resuspended with glial medium and plated onto coverslips at a concentration of 40,000/well in a four-well Nunclon Delta plastic plate (1.9 cm 2 /well; Nalge Nunc International, Rochester, NY). Coverslip chips were cut from commercially available, 12-mm-diameter poly-D-lysine/laminin-coated glass coverslips (Biocoat; BD Biosciences, Bedford, MA). Usually five square-shaped chips (ϳ4 mm wide) were arranged into one well in the four-well Nunclon plate; 4 M Ara-C was added again when the astroglia on the coverslip became 75% confluent. The culturing environment was humidified, contained 5% CO 2 , and was maintained at 37°C.
Purification and culture of RGCs
A two-step immunopanning protocol was used to purify rat RGCs (Barres et al. 1988; Hartwick et al. 2004 Hartwick et al. , 2008 . Retinas were dissected from rats at postnatal days 7-9 (8 -12 rat pups per litter) and digested with papain (165 U in 10 ml) in Ca 2ϩ /Mg 2ϩ -free DPBS by soaking the retinas in the enzyme-containing solution for 30 min at 37°C. The solution also contained 1 mM L-cysteine and 0.004% DNase. After inactivation with ovomucoid (1.5 mg/ml) and several periods of mechanical trituration, retinal tissues were dissociated into a single-cell suspension. A rabbit anti-rat macrophage antibody (1:75; Accurate Chemical, Westbury, NY) was added (10-min incubation) during the trituration for a future selection step. Then the suspension was centrifuged (200 g, 13 min) and resuspended in a high-concentration ovomucoid solution (10 mg/ml). Following another centrifugation, the dissociated cells were resuspended in DPBS (with 0.2 mg/ml bovine serum albumin and 5 g/ml insulin) and the cell suspension was filtered through a 25-m Nitex mesh to remove aggregates.
The first two negative-selection plates (150 mm petri dish; Fisher Scientific, Nepean, Canada) were precoated with goat anti-rabbit IgG (HϩL) (Jackson ImmunoResearch, West Grove, PA) overnight and were used to remove macrophages and endothelial cells. The retinal suspension (labeled by the anti-macrophage antibody) was poured into the plates and allowed to incubate for 30 min sequentially. Then the nonadherent cells were harvested and filtered through a 25-m Nitex mesh. A positive-selection plate (100-mm petri dish; Fisher Scientific) was precoated with goat anti-mouse IgM plus an anti-Thy1 IgM produced by a T11D7 mouse hybridoma culture (TIB-103, American Type Culture Collection, Manassas, VA). The retinal suspension was then transferred into the positive-selection plate. After 45-60 min, the dish was rinsed with DPBS more than eight times and unattached cells were washed away. Cells adherent to the bottom of the dish were dislodged by trypsin digestion, followed by enzyme inactivation using fetal bovine serum (30%) and repetitive agitation with a pipette under visual guidance. The harvested cells were collected into tubes and centrifuged and resuspended in a conditioned RGC culture medium consisting of Neurobasal-A, 2% B27 supplements, 100 g/ml transferrin, 0.2 M progesterone, 16 g/ml putrescine, 40 ng/ml sodium selenite, 30 ng/ml triiodo-thyronine (T3), 5 g/ml insulin, sodium pyruvate (36 g/ml), gentamicin (10 g/ml), glutamine (1 mM), 5 g/ml NAC, 5 M forskolin, 50 ng/ml brainderived neurotrophic factor (PeproTech, Rocky Hill, NJ), and 10 ng/ml ciliary neurotrophic factor (PeproTech).
Coculture system
On the day before culturing RGCs, coverslips with confluent astroglia were rinsed with DPBS three times to wash out the glial medium and were fed with RGC medium. For coculture, RGCs were plated onto the glial layers at 15,000 to 25,000 per well. Medium was completely refreshed the next day and half of the medium was replaced with new medium every 3 days thereafter. Ara-C was added again on the third day after plating RGCs. The coculture was maintained at 37°C in a humidified 5% CO 2 environment.
Calcium-imaging of cocultured RGCs
Cocultured RGCs were loaded with fluo-4 by incubation (30 min, room temperature) in 5 M fluo-4 AM (Invitrogen) dissolved first in DMSO (final concentration 0.1%) and added to extracellular solution (see following text) containing 2% pluronic acid. Cells were then imaged at room temperature with a Nikon C1 laser scanning confocal microscope (Tokyo) using a long working distance ϫ40 waterimmersion objective (NA 0.80) and an argon laser for excitation at 488 nm. Fluorescence emission was recorded by a photomultiplier filtered at 585 nm. Time-lapse images were captured and analyzed using Nikon EZC1 software.
Whole cell patch-clamp recordings
Perforated whole cell patch-clamp technique, using amphotericin B for perforation, was used in all experiments performed in this study. Micropipettes were pulled from borosilicate glass capillaries (Sutter Instrument) with a resistance about 5 M⍀ and fire-polished. The pipette was first tip-filled with an intracellular solution containing 80 mM K-gluconate, 50 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, 9 mM NaCl, and 0.2 mM EGTA (pH 7.40). The pipette was then back-filled with the same intracellular solution with 240 g/ml amphotericin B, which was first prepared as a stock solution at a concentration of 60 mg/ml in DMSO. The extracellular solution contained 130 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose (pH 7.40). The recording chamber was perfused constantly with fresh extracellular solution at a flow rate of 1.5 ml/min by gravity. All experiments were carried out at room temperature (22-25°C). In the course of performing an experiment, the coverslip chip was placed in the recording chamber and RGCs were visualized by inverted phase-contrast microscopy and selected for recordings if they were phase-bright and had a smooth surface. After the seal was formed (Ͼ3 G⍀), it usually took 10 -25 min for the access resistance to fall to Ͻ25 M⍀ and recordings would start. The range of access resistance was 10 -25 M⍀ and did not change Ͼ20% during the course of an experiment after reaching a minimal stable value; otherwise, the cell would be discarded. Current-clamp and voltageclamp recordings were performed using a Multiclamp 700A amplifier, a Digidata 1322A digitizer, and pClamp software (Axon Instruments). Current and voltage traces were low-pass filtered at 4 kHz and digitized at a sampling frequency of 10 or 20 kHz. The liquid junction potential error was not corrected.
Except for the study of spontaneous activity (Fig. 1) , ionotropic glutamate receptors were blocked by including 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 M; Tocris Bioscience, Ellisville, MO) and (5S,10R)-(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d] cyclohepten-5,10-imine maleate [(ϩ)-MK-801 maleate, 10 M; Tocris Bioscience] in the extracellular perfusion solution. This suppressed spontaneous activity permitted stable and accurate recordings of membrane potential and input resistance. RGCs that displayed membrane potential fluctuations Ͼ1 mV were discarded. The group I mGluR agonist (DHPG) was used throughout this study and was first was applied, the frequency of sEPSCs was elevated and the shape of sEPSCs was altered. Bottom trace: a different RGC recorded in current-clamp mode. Spontaneous spikes were evoked by spontaneous excitatory postsynaptic potentials (sEPSPs). The resting membrane potential of the cell was close to Ϫ60 mV. DHPG depolarized the cell and spike frequency increased. DHPG, (S)-3,5-dihydroxyphenylglycine; [Ca 2ϩ ] i , intracellular calcium ion concentration; GCL, ganglion cell layer; RGC, retinal ganglion cell; TTX, tetrodotoxin; APV, 2-amino-5-phosphonovaleric acid; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione. made as stock solution at a concentration of 10 mM in water and stored at Ϫ70°C.
To determine the current-voltage (I-V) relationship of the identified DHPG-sensitive conductance, the cell was held at Ϫ30 mV for Ն1 s to inactivate certain voltage-dependent channels, such as Na ϩ channels. Then slow voltage ramps lasting for 1-3 s were applied to drive the cell's membrane potential to Ϫ120 mV every 15 or 20 s. The I-V relationship was then plotted at different conditions (i.e., before, during, and after DHPG application). Subtracting the I-V curves during DHPG application from control curves yielded the voltage dependence of the DHPG-sensitive component. Since the background currents were small around the resting membrane potential and the cell became unstable at large negative potentials, the DHPG-sensitive current was very noisy. To determine the reversal potential of DHPGsensitive current, visual inspection, linear fit, and data smoothing were performed when necessary.
Data analysis
Data analysis was carried out using Clampfit (Axon Instruments) and Origin (Microcal Software, Northampton, MA). Statistical analyses were performed using t-tests (pairwise comparisons) or repeatedmeasures ANOVA (Friedman's test) with Dunn's post hoc analysis using GraphPad Prism (GraphPad Software, San Diego, CA). A significance was assigned if P Ͻ 0.05. Data in the text are reported as mean Ϯ SD.
R E S U L T S
DHPG increases [Ca 2ϩ ] i in GCL neurons
Our investigation of group I mGluR in RGCs was prompted by the observation that the selective group I agonist DHPG increased the intracellular calcium ion concentration ([Ca 2ϩ ] i ) in neurons in the GCL of the adult rat retina (Fig. 1B) . For these studies we applied a new approach to load retinal neurons with calcium-indicator dye, an approach used previously to load neurons in the spinal cord (Bonnot et al. 2005) . This technique involves injecting the salt of the dye (in this case fura-2) into the vitreous and then using electroporation to facilitate the transfer of the dye into the cytoplasmic compartment of retinal cells (Fig. 1A ). An advantage of this approach, compared with our previous method of loading of RGCs with dextran-conjugated dyes (Baldridge 1996; Hartwick et al. 2004 Hartwick et al. , 2008 , is that loading is rapid, requiring less time the retina must be maintained ex vivo prior to study. A disadvantage is that although RGCs are loaded, as evidenced by axon labeling (Fig. 1A) , in the GCL of the retina electroporation could load both amacrine cells and RGCs.
In 70 GCL neurons (from three different pieces of retina) loaded with fura-2, 33 showed a response (on average an 11 Ϯ 8% increase in the fura-2 ratio value) to bath application of 500 M DHPG. A representative trace is shown in Fig. 1B (top) . DHPG was also tested at 100 M but produced weaker responses in fewer cells (not shown). Verifying that the effect of DHPG on the GCL neurons was not due to ionotropic glutamate receptor activation, an additional 45 cells (from two pieces of retina) responded to 500 M DHPG with increased [Ca 2ϩ ] i (on average 19 Ϯ 13%) in the presence of a cocktail containing both NMDAR (100 M 2-amino-5-phosphonovaleric acid [APV]) and non-NMDAR (25 M 2,3-dihydroxy-6nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione [NBQX]) antagonists. A significant portion of the DHPG-induced [Ca 2ϩ ] i elevation was due to increased excitability because the effect of DHPG (in the presence of 100 M APV and 25 M NBQX) was markedly decreased (Fig. 1B, bottom) on average to 29 Ϯ 21% (P Ͻ 0.001, 24 cells from three pieces of retina) by treatment with 1 M tetrodotoxin (TTX) for 5 min. In some cells the effect of TTX was reversed following 10-min wash (Fig. 1B, bottom left) , but on average the effect of TTX was not reversible (38 Ϯ 21%; Fig. 1B, bottom right) .
To study specifically the action of DHPG on RGCs and to investigate some of the potential mechanisms involved, we used a purified RGC-astroglia coculture system and perforated patch-clamp recording.
Modulation of spontaneous activity
In an RGC-astroglia coculture system kept in vitro for Ͼ1 wk (see Fig. 1C ), robust spontaneous activity due to RGC-RGC synaptic connections was detectable by patch-clamp recordings on single neurons in either voltage-or currentclamp mode (Fig. 1D) . Reminiscent of what was found in other cultured retinal neuron circuits (Harris et al. 2002) , the spontaneous activity in the RGC-astrocyte coculture system was characterized by periodically occurring events during which neurons of the entire cultured network discharge spikes synchronously (see Supplemental Fig. S1 ). 1 Once DHPG was applied in the bath, the periodic pattern of spontaneous activity was disrupted. DHPG increased [Ca 2ϩ ] i (Supplemental Fig.  S1 ) and boosted the excitability of the network, such that neurons started to fire spikes in a sustained manner and at a greater rate ( Fig. 1D) . At the same time, RGCs were also depolarized by DHPG.
Because only RGCs and glial cells are present in the coculture system, the results suggest that DHPG modulates either synaptic transmission between RGCs and/or the intrinsic properties of individual RGCs. Considering that the RGC-RGC connection is artificial, we focused on the latter possibility. Therefore for all subsequent experiments we blocked glutamatergic synaptic transmission by antagonists of NMDARs and non-NMDARs (10 M MK-801 and 10 M CNQX, respectively) to study the physiological properties of individual RGCs in isolation.
Modulation of intrinsic excitability of RGCs via a reduction of background K ϩ conductance
Metabotropic glutamate receptors belong to the G-proteincoupled receptor (GPCR) superfamily. The endogenous ligand, glutamate, does not directly gate cation influx through binding to these receptors, although in some cases mGluR activation does cause membrane depolarization, whose underlying inward current can be recorded by voltage-clamp, showing an excitatory effect. In some cases it has been demonstrated that such mGluR excitation is due to a reduction of background K ϩ conductance that is continuously active and is modulated by GPCR-mediated pathways (Guerineau et al. 1994; Kettunen et al. 2003 ). In addition, group I mGluRs may also couple to nonselective cationic channels, for example, transient potential receptor (TRP)-like channels (Gee et al. 2003; Kim et al. 2003) or other unknown ion channels (Congar et al. 1997) . To distinguish between these two cases, we measured the input resistance of the cells before, during, and after DHPG application.
We recorded 57 RGCs that were cocultured with astroglia in vitro using perforated patch-clamp recording technique. To monitor the input resistance, small negative current pulses (amplitude: Ϫ100 or Ϫ200 pA; duration: 100 or 200 ms) were delivered repetitively into the soma at a frequency of 0.2 to 1 Hz (Fig. 2, A and B) . Based on Ohm's law, the input resistance was assessed by dividing the maximal amplitude of voltage deflection by the amplitude of injected current. This method FIG. 2. DHPG depolarizes, increases the input resistance, and boosts the firing of RGCs. All recordings in this and all subsequent figures were done in the presence of 10 M CNQX and 10 M MK-801. A: small hyperpolarizing pulses were delivered at 4-s intervals and the indicated time is (at t ϭ 0) 22 min since the patch seal was formed. DHPG was applied for about 4 min. Top: membrane potential (V m ) depolarization caused by DHPG. Bottom: changes in input resistance (R in ) during the experiment. Filled circles or squares (•, ■) indicate when current (DC) injection via the patch electrode was used to bring V m to Ϫ60 mV. The inset shows representative traces before (a) and during (b) DHPG application. In c, membrane potential was adjusted via current injection to produce the same resting potential as that in a (Ϫ60 mV). B: spiking responses of an RGC to a 400-pA current step before (left) and during (right) DHPG application. Resting membrane potential has been manually adjusted by current injection to the same level (Ϫ60 mV). C: plots of initial (left, E) and steady-state (right, •) firing frequency before (Control) and during DHPG (*P Ͻ 0.05, **P Ͻ 0.01, paired t-test). CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; MK-801, (5S,10R)-(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate. has been used by others (McCormick and von Krosigk 1992; Paré et al. 1998; Waters and Helmchen 2006) and was used because we wanted to characterize the pattern of spike generation in response to current injection (e.g., Fig. 2C ) without having to switch between voltage-and current-clamp configurations. In addition, recording voltage allowed us to monitor the progression of the effect of DHPG and to directly compare changes of membrane potential with changes of input resistance. Because DHPG also depolarized the membrane potential, to avoid a contribution from voltage-sensitive ion channels activated at subthreshold range, in 25 neurons, through manually adjusting steady current injection, the input resistance was also measured at a fixed membrane potential (Ϫ60 mV; see Fig. 2A ). In total, 51 of 57 RGCs were depolarized by DHPG (5.0 Ϯ 3.0 mV) and associated with an input resistance increase (32.3 Ϯ 23.5%). Changes in input resistance and the membrane depolarization were correlated with every millivolt of depolarization associated with an average 4.9% increase (at Ϫ60 mV; 5.9% if measurements were carried out at different membrane potentials) in the input resistance.
We studied the time course plot of DHPG application using a subset of RGCs (n ϭ 16). Both the wash-in excitation and washout recovery were fitted by a single exponential function. The average time constant was 11 Ϯ 3 s for DHPG to take action and 35 Ϯ 5 s for washout recovery. Furthermore, the recovery of either membrane potential or input resistance after prolonged DHPG administration (3-5 min) was almost never complete despite long washout (Ͼ5 min), making the adjustment of membrane potential over the experiment time course necessary when multiple DHPG treatments were applied (i.e., after each treatment, we manually "clamped" the cell at the fixed potential by injecting a small amount of steady current).
With spontaneous synaptic activity blocked, spike discharges were readily elicited by injecting depolarizing current steps. Although we observed spike patterns that have not been reported for RGCs in intact rat retina preparations (e.g., transient spiking, intermittent bursting; data not shown), for the majority of cells tested (38 of 57), in response to a suprathreshold current step, RGCs fired a train of spikes exhibiting frequency adaptation. DHPG boosted the instantaneous firing frequency (the reciprocal of the time between successive spikes) of cells at the beginning and at the end of the step when the same amount of current was injected from the same resting membrane potential (Fig. 2, B and C) .
Although activation of additional ion channels by the activation of group I mGluRs in cultured rat RGCs cannot be excluded (e.g., voltage-gated L-type calcium channels; Rothe et al. 1994; Schmid and Guenther 1999) , the data thus far are consistent with a decrease of certain ion conductance(s) affecting both the resting membrane potential and the input resistance. A voltage-ramp protocol under voltage-clamp configuration was used to assess the reversal potential and voltage dependence of the DHPG-sensitive component (Fig. 3A) . The reversal potential of the DHPG-sensitive currents was Ϫ92.7 Ϯ 4.1 mV (n ϭ 10), near the reversal potential of Ϫ102 mV for K ϩ ions predicted by the Nernst equation under our experimental conditions ([K ϩ ] o ϭ 2.5 mM, [K ϩ ] i ϭ 130 mM; 25°C), suggesting that the DHPG-sensitive current is carried mainly by K ϩ . As illustrated in Fig. 3B, when 
DHPG modulates background K ϩ conductance and the effect is pH sensitive
In neurons, suppression of background leak current by neurotransmitter has been well documented and comprises a means by which neurotransmitter regulates neuronal excitability (McCormick 1992; Nicoll et al. 1990 ). In brain stem motoneurons, the molecular candidate that mediates the neurotransmittermodulated background leak current has been identified as a pHsensitive, two-pore domain-containing K ϩ channel called TASK-1 (Talley et al. 2000) . The inhibition of these channels by external protons provides a useful tool for testing for the existence of such channels. We then asked whether the DHPG-sensitive K ϩ current in cultured RGCs is sensitive to pH and thus could be mediated by a TASK channel.
As illustrated by recordings from a representative cell (Fig. 4A) , DHPG was tested first using external solution at pH 7.4 to confirm the effect of DHPG on membrane potential and input resistance (the experiment was terminated if DHPG elic-ited Ͻ1 mV depolarization). Then the cell was superfused with an acidified (pH 6.5), but otherwise the same, external solution and the effect of DHPG examined again (Fig. 4B) . Finally, the external solution was changed back to pH 7.4 and a third DHPG administration was carried out to test for recovery ( Fig.  4C) . After switching to a new pH condition, and before the DHPG application, the cell was manually maintained at Ϫ60 mV by adjusting DC current injection.
Lowering extracellular pH from 7.4 to 6.5 reversibly depolarized RGCs and increased the input resistance by 51.0 Ϯ 10.0% (n ϭ 6). At pH 6.5 the effect of DHPG on the membrane potential and the input resistance was largely occluded. Compared with 6.4 Ϯ 3.3 and 4.9 Ϯ 2.2 mV of depolarization during the first and the third DHPG applications in the solution at pH 7.4, DHPG caused depolarization of only 1.4 Ϯ 0.9 mV in the solution at pH 6.5 (n ϭ 6; Fig. 4D) switched from pH 7.4 to pH 6.5 and recovered to 19.2 Ϯ 3.5% when the solution was returned to pH 7.4 ( Fig. 4E ). Statistical analysis (Friedman's test and Dunn's post hoc test) revealed a significant decrease in the depolarization and input resistance increase by DHPG in the solution at pH 6.5, compared with those at pH 7.4. In conclusion, if we assume that low pH does not affect the function of GPCRs, our data implicate the possibility that in cultured RGCs, group I mGluRs couple to a pH-sensitive conductance resembling the TASK-1 channel.
DHPG-sensitive current is not blocked by Cs ϩ
At millimolar concentration, Cs ϩ blocks several voltagegated K ϩ channels, including the inwardly rectifying K ϩ (K ir ) channels and the hyperpolarization-activated cation current that is known as h-current or I h (Maccaferri et al. 1993; Spain et al. 1987) . Both channels can operate within the subthreshold voltage range, thereby contributing to the control of neuronal excitability and resting membrane potential, and have been identified in vertebrate RGCs (Chen et al. 2004; Tabata and Ishida 1996) . In our recordings, many RGCs displayed a voltage "sag" response to hyperpolarizing current injections, indicating the activation of I h . Exposure to 3 mM extracellular CsCl abolished voltage "sag" and caused an increase in input resistance at Ϫ60 mV (from 133.1 Ϯ 66.6 to 250.3 Ϯ 98.3 M⍀; n ϭ 7, P Ͻ 0.01) associated with strong outward rectification (not shown). Despite a dramatic change in the intrinsic properties, the effect of DHPG remained in the presence of 3 mM CsCl (Fig. 5) . Although it does not exclude the possibility that DHPG is capable of modulating I h or K ir , that CsCl at a millimolar concentration did not occlude the DHPGmediated action on RGC suggests that there is not a significant contribution from these ion channels.
Pharmacology
In many published reports, in spite of the similarities in signaling pathway (G q -mediated) and subcellular distribu- tions (peri-or extrasynaptic expression), the two members of the group I mGluR family, mGluR1 and mGluR5, do not carry out redundant functions (e.g., see Mannaioni et al. 2001) . We performed pharmacological experiments using two highly selective and reversible mGluR antagonists, (ϩ)-2-methyl-4-carboxyphenylglycine (LY367385; halfmaximal inhibitory concentration [IC 50 ] 8.8 M) and 6-methyl-2-(phenylethynyl)-pyridine (MPEP; IC 50 39 nM), for mGluR1 and 5, respectively (Clark et al. 1997; Gasparini et al. 1999) . In these experiments, RGCs were challenged with DHPG three times: a first DHPG application in control condition, a second one in a solution with an antagonist, and a third one in control condition after washing-out the antagonist. As illustrated in Fig. 6A , the mGluR1 antagonist (LY367385, 100 M) reduced the DHPG-induced depolarization of membrane potential and increase of the input resistance. Similar results were obtained for all cells studied (Fig. 6, D and E; n ϭ 4 ) and the effect of LY367385 was significant (P Ͻ 0.05). The mGluR5 antagonist (10 M MPEP) did not produce a significant decrease in DHPGinduced depolarization or input resistance (Fig. 6 , F and G; n ϭ 6). Taken together, these data suggest that mGluR1 is primarily responsible for the effects of DHPG on RGCs.
D I S C U S S I O N
Prompted by evidence of group I mGluRs expression in mammalian RGCs (Cai and Pourcho 1999; Hartveit et al. 1995; Peng et al. 1995; Tehrani et al. 2000) and our observation of DHPG-induced [Ca 2ϩ ] i increase in rat GCL neurons, an RGC-astroglia coculture system was used to reveal that activation of group I mGluRs exerts slow excitatory effect on RGCs. The effect was mediated by a reduction of background leak K ϩ conductance, which led to an increase in the input resistance. The leak conductance modulation was not sensitive to the presence of millimolar concentrations of extracellular Cs ϩ but could be occluded by lowering the extracellular pH from 7.4 to 6.5. These observations suggest a role for TASK-1 (Talley et al. 2000) or a leak channel with similar pH sensitivity, in controlling RGC excitability. Definitive evidence that this is the case requires further investigation. Finally, the use of selective mGluR1 and mGluR5 antagonists suggests that it is mainly mGluR1 that mediates the effect of DHPG on RGCs.
Cell culture system
In this study we used an immunopanned RGC-astroglia coculture system, which is featured by containing only one type of CNS neuron. Previously, the system has been used to study the function of glia in promoting synaptogenesis (Pfrieger and Barres 1997; Ullian et al. 2001) . Taking advantage of the nearly homogeneous RGC population, we regarded the system as a potential model for examining the function of RGCs-for example, their ion channel properties and the regulation of RGC excitability by various modulators. In the presence of astroglial cells, RGCs in culture develop functional synapses with each other and generate spontaneous activity within the network they form (Ullian et al. 2001) . Compared with a pure RGC culture, in which RGCs typically do not form functional connections and rarely fire action potentials once isolated (Ullian et al. 2001 ), the coculture system might in some respects mimic the in vivo situation, in which RGCs frequently fire action potentials, starting from early development in the form of retinal waves (Meister et al. 1991) , to spontaneous firing in adult retina (Kuffler et al. 1957) . Although RGCs in pure cultures demonstrate many properties similar to RGCs in intact retina preparations (Hartwick et al. 2004 (Hartwick et al. , 2008 , group I mGluR expression may be a case in which there are differences given that DHPG did not increase [Ca 2ϩ ] i in purified rat RGCs in vitro (Hartwick et al. 2008 ) and the activation of group I mGluRs in purified mouse RGCs in vitro did not produce consistent effects on calcium channels (Rothe et al. 1994) .
Background leak conductance
The ability of low pH to occlude the excitatory effect of DHPG suggests that it is possible that a TASK channel is expressed in rat RGCs and that this channel partly determines the resting properties of RGCs and is modulated by neurotransmitters, such as glutamate, similar to the case in motoneurons and cerebellar granule neurons (Chemin et al. 2003; Talley et al. 2000) . Three pH-sensitive TASK channels (TASK-1, -2, and -3) have been characterized. Recently TASK-2 has been identified in rat RGCs by immunohistochemistry ). Although this channel is pH sensitive, compared with TASK-1 it is a less likely candidate as a contributor to the DHPG-sensitive current in RGCs given the much higher pK value (ϳ8.6 vs. ϳ7.4 for TASK-1), strong outward rectification (Reyes et al. 1998) , and evidence, in an expression system, that TASK-2 was not modulated by mGluR1 activation (Chemin et al. 2003) . Given that the pK of TASK-3 is about 6.8 (Berg et al. 2004) , the block of the effect of DHPG on RGCs by pH 6.5 makes TASK-1 the more likely pH-sensitive channel modulated by group I mGluRs in RGCs. It should be emphasized that the effect of pH on the DHPG-induced current in RGCs is only suggestive of a TASK channel-mediated current. It is possible that decreased pH could have effects unrelated to TASK channels. Interestingly, it was recently demonstrated in an expression system that group III, but not group I, mGluRs were inhibited by protons (Levinthal et al. 2009 ). If this observation is applicable to RGCs it would suggest that the effect of lowering pH on the current affected by DHPG is not due to an action of protons on group I mGluRs.
Calcium responses
We used calcium imaging to establish the potential influence of group I mGluRs on neurons, including RGCs, in the GCL of the adult rat retina. DHPG also increased [Ca 2ϩ ] i in the RGCs cocultured with astrocytes. Group I mGluRs are coupled, via G q , to the phosphoinositide pathway that can lead to the intracellular release of Ca 2ϩ . Although it is possible that a component of the DHPG-induced calcium signal in GCL neurons was due to this mechanism, given the reduction of this response by TTX, we think it more likely that the calcium signal is due to activation of voltage-gated calcium channels through depolarization and increased RGC firing rate produced by DHPG, as demonstrated in this study. Group I mGluR enhancement of calcium channel activity (Rothe et al. 1994 ) is also a possibility. There is also evidence that group I mGluR activation reduces calcium channel current in RGCs (Akopian and Witkovsky 1996; Rothe et al. 1994; Shen and Slaughter 1998) . Our results are not necessarily inconsistent with these observations that were done under voltage-clamp conditions.
Group I mGluR-mediated modulation and a potential gain control mechanism
Group I mGluRs are predominately postsynaptic receptors, which positions them for the control of postsynaptic neuronal properties as a function of the presynaptic glutamate release rate. In addition, they have also been linked to retrograde signaling and modification of synaptic strength via endocannabinoid production (Varma et al. 2001) . In RGCs, the function and distribution of group I mGluRs remain unclear. Our results are consistent with many other studies in CNS demonstrating that activation of group I mGluRs exerts a slow postsynaptic excitatory effect: it takes about 11 s for DHPG to reach 63% of its maximal effect and 3-5 min for maximal washout recovery. In brain slice preparation, repetitive stimulation of corticothalamic fibers at high frequency recruits slow and prolonged excitatory postsynaptic potentials in thalamic relay cells accompanied by an increase in postsynaptic neuron input resistance (McCormick and von Krosigk 1992) , which is thought to be due to an activation of the extrasynaptic group I mGluRs and occurs only when presynaptic activity reaches a certain level. We imagine a similar scenario might exist at the bipolar cell-RGC synapse system in the mammalian inner retina. In fact, a recent report has uncovered such a mechanism at bipolar cell-amacrine cell synapses in goldfish retina, although the mGluR1-dependent excitation of amacrine cells is much more sustained (Յ10 min) (Vigh et al. 2005) . In amphibian retina DHPG did not alter spontaneous or electrically evoked EPSCs in RGCs (Awatramani and Slaughter 2001; Higgs et al. 2002) . However, in these experiments RGCs were voltage-clamped near Ϫ75 mV, possibly limiting the magnitude of the DHPG-sensitive current (see Fig. 3 ).
The current model of the bipolar-RGC synapse suggests that some NMDARs are located extrasynaptically on RGC dendrites, in particular the dendrites of ON RGCs, and extend the dynamic range of RGC responses when synaptic AMPARs and NMDARs are saturated and glutamate spillover occurs, a reasonable occurrence considering that the bipolar cell-RGC ribbon synapse is highly efficient and multivesicular release is likely to happen (Sagdullaev et al. 2006; Singer 2007; Zhang and Diamond 2009) . The distribution of group I mGluRs is typically extrasynaptic (Baude et al. 1993; Lujan et al. 1996; Nusser et al. 1994; Takumi et al. 1999 ), suggesting that activation of these receptors requires glutamate release sufficient to exceed the endogenous glutamate uptake system and spillover from synaptic to extrasynaptic sites.
We postulate that RGC group I mGluRs are also located extrasynaptically and may even colocalize with extrasynaptic NMDARs. Consequently, activation of NMDARs by overspilled glutamate could be associated with an mGluR-mediated closure of leak conductance in the dendrites, which could compensate for the conductance increase resulting from ionotropic glutamate receptor activation and boost the generation and propagation of excitatory postsynaptic potentials. Consequently, group I mGluRs could serve to increase the gain of RGCs as a function of presynaptic activity. To test this hypothesis further will require investigations using intact retinal preparations to decipher the function of group I mGluRs in mammalian RGCs within a truly physiological context.
